ABSTRACT This paper investigates the scattering characteristics of periodic open cabinets in nuclear power plants using the mode-matching technique. The concept of a parallel-plate waveguide is adopted, and the power conservations at all junctions are confirmed. The incident power is almost equivalent to the summations of the reflected and transmitted powers at all junctions, and the differences in the power for all cases are almost zero. A multiregion problem is systematically applied to resolve the entire scattered fields, and the resulting contour plots for the field strength according to various modal incidences are displayed. Based on this paper, modal field distributions for multilayer cabinet structures can be extensively analyzed.
I. INTRODUCTION
The application of wireless communication technologies in nuclear power plants (NPPs) has been considered, because such technologies have advantages of easy mobility, low wiring costs, etc. [1] , [2] . However, before applying these technologies, electromagnetic interference (EMI) tests should be conducted on cabinets with digital modules to ensure that there is no unwanted EMI from wireless communication systems. Therefore, it is important to investigate scattered field distributions near digital modules when an arbitrary electromagnetic field is incident into cabinets where instrumentation and control (I&C) equipment is installed.
When electromagnetic sources are incident to a cabinet that contains digital modules, a scattered field can be obtained via various electromagnetic computational techniques, such as the method of moments, the finite elements method, the finite-difference time-domain method, and the mode matching technique (MMT). Although each technique has strengths and weaknesses, this study focuses on the MMT, because it has strong advantages to understand both physical insight and modal variations [3] - [6] . In addition, when compared to other numerical methods, the MMT generally does not require large computational capacity.
In this paper, scattered fields inside the cabinet are obtained and examined under the assumption that arbitrarily modal waves with parallel polarization are incident on a simplified cabinet structure. The concept of a parallel plate waveguide (PPW) is adopted, because the inner part of the cabinet is layered by multiple PPWs with different spacings, and the power conservations at all junctions are confirmed. After obtaining both the reflection and the transmission coefficients at each junction, a multiregion problem is systematically applied to resolve the entire scattered fields, and the resulting contour plots for the field strength according to various modal incidences are displayed. The resulting scattered field distributions are validated by comparing them with commercial electromagnetic simulation software. Fig. 1(a) presents the top view of a cabinet with open doors similar to I&C equipment in NPPs. It is assumed that the cabinet is arranged periodically along the x-axis as depicted in Fig. 1(b) since the actual cabinets in NPPs are generally arranged periodically. The digital module in the cabinet is simplified as a square perfect electric conductor (PEC). The cables are usually housed in a shielding metallic box in the cabinet, so the effect of bundles of cables could be neglected. The dimensions of the open door and inner conducting walls are denoted by 2x 1 and 2x 2 , respectively. The height of the cabinet and digital module is 2 m and assumed to be infinite along the y-axis, because it is long enough for a wavelength at 5 GHz, which is one of the application frequencies in a wireless local area network (WLAN) [7] . The specific dimensions, which are similar to the actual sizes of NPP cabinets, are listed in Table 1 and can be transformed into electrical lengths. As illustrated in Fig. 1(a) , the cabinet's interior is separated into five regions, and each region can be considered as a PPW with different spacings. Region 1 is free space for the incident part. Region 2 is an open space between Region 1 and the other regions, assuming that the door is completely opened. Regions 3, 4, and 5 are spaces inside the cabinet, and Region 4 is divided into two parts because the digital module is placed in the middle of this region. An electromagnetic wave in parallel polarization is incident from the outside of the periodic cabinet. (Discussions of the perpendicular polarization are referred to in [3] .)
II. FORMULATION USING THE MMT A. STRUCTURE OF CABINET AND INNER DIGITAL MODULE
Instead of dealing with the actual dimensions of the cabinet, a simplified PPW with an infinite y-dimension is adopted, and we have improved the efficiency of computation. The MMT for the PPW has the advantage of understanding modal propagation characteristics, while commercial software does not provide modal insight. 
B. MODE ANALYSIS OF A PPW WITH PARALLEL POLARIZATION (TM WAVE)
We briefly examine the modal field representations of a PPW with spacing 2x p in Fig. 2 . In this study, we approach the problem with respect to H y -field rather than E y -field, because we explore only the case of parallel polarization. The n th order of the even transverse magnetic (TM n ) H y -field is expressed as follows:
where
are the eigenvalues and propagation constants for the n th even modes (n = 0, 1, 2, . . .), respectively. η 0 and k 0 are the intrinsic impedance and the propagation constant in free space, respectively. In the case of n = 0, the z component disappears in electromagnetic fields, and the wave consequently becomes a transverse electromagnetic (TEM) wave. In addition, the magnetic fields corresponding to the odd TM wave are as follows:
are the eigenvalues and propagation constants for the n th odd modes (n = 1, 2, 3, . . .).
C. REFLECTION AND TRANSMISSION COEFFICIENTS AT EACH JUNCTION
After given the spacing of each PPW region, the numbers of even and odd modes must be counted, and corresponding eigenvalues are obtained. Not only are all the propagation modes considered but the same number of evanescent modes or more must be included in the calculation, so that the scattering phenomenon is appropriately converged. In this work, the number of propagation and evanescent modes are the same. Next, integration formulations at each junction and between two regions are considered to obtain the reflection and transmission coefficients as follows. For example, the integration at Region 1 is
The integration at the junction between two Regions 1 and 2 is expressed as
R1 and J 12 represent Region 1 and the junction between Regions 1 and 2, respectively. e 1n and e 2n indicate the n th modes in Regions 1 and 2, respectively, and h 1m means m th mode in Region 1. (η 1 and η 2 ) and (k 1 and k 2 ) are intrinsic impedances and propagation constants of the TEM mode at each region, respectively. k 1n and k 2n are n th modal propagation constants at Regions 1 and 2, and γ 1n and γ 2n are n th eigenvalues at Regions 1 and 2, respectively. The electromagnetic fields at the junction between Regions 1 and 2 in Fig. 1 can be expressed as follows: The subscripts F and M represent the free space and the metallic structure. An incident coefficient a k , reflected coefficients a i , and transmitted coefficients b j are described in Eqs. (5a) and (5b). Here, a k is a given coefficient, and the {a i }s and the {b j }s are the coefficients to be solved. Eqs. (5a) and (5b) can be simplified after testing each field from the mode orthogonal property [8] . Once the coefficients are solved for the junction, then the other coefficients at the other junctions in Fig. 1 can be solved similarly. Finally, reflection and transmission coefficients are obtained for each junction; the overall reflection and transmission coefficients by multiregions can be obtained and will be discussed in subsection II-E. 
D. FIELD CONFIGURATION IN REGION 4
The scattering phenomena at the other junctions can be obtained in the same way as the scattering phenomena at the junction between Regions 1 and 2. However, Region 4 needs to be careful about mode allocation. In Region 4, as shown in Fig. 3 , assuming that two PPWs are arranged side by side, if one mode is used on one side of the PPW, a zero field is applied to the other side of the PPW. The field inside the digital module is also zero due to PEC. For example, the TEM mode is applied in upper Region 4, and zero fields are formed in the digital module and lower Region 4 for mode 1. On the other hand, the TEM mode is applied in lower Region 4, and zeros are formed in other regions for mode 2. Similarly, the first odd TM mode is located in upper and lower Region 4 for modes 3 and 4, respectively, as described in Fig. 3 . Once we assign the modes in this way, the mode orthogonal property is completely satisfied, then the MMT can be applied in our geometry. Eventually, reflection and transmission characteristics can be easily obtained at the junction including Region 4.
E. MULTIREGION PROBLEM
Solutions of transmission and reflection coefficients at each junction using the MMT are discussed in the previous sections. However, if there are two or more junctions, the geometry needs to be solved using a multiregion problem [9] , [10] , which also enables us to apply the z-axis variables listed in Table 1 . Fig. 4 shows the conceptual diagram for solving the multiregion reflection and transmission coefficients using the MMT. The definitions of the reflection coefficients R 1,2 and R 2,1 and the transmission coefficients T 1,2 and T 2,1 are shown in Fig. 4 . All coefficients consist of matrices, because the reflection and transmission coefficients are solved with respect to each mode. Once the reflection and transmission coefficients for each junction are solved, the total reflection and transmission coefficients for the entire geometry can be obtained. The generalized reflection coefficient between Regions (m) and (m+1) is obtained as follows [9] : 
III. NUMERICAL RESULTS AND DISCUSSION

A. POWER CONSERVATION
Power conservation is one of the appropriate ways to verify the numerical results of the MMT. In this section, the power conservations at four junctions are examined when all propagation modes from the incident region are excited with 1 [W/m 2 ]. The incident power density is almost equivalent to the summation of both the reflected and transmitted power densities for all propagation modes at each junction. Fig. 5 shows the four different junctions between two adjacent regions in the configuration presented in Fig. 1(a) to emphasize junctions between regions. We assume that the modal waves are incident from the −z to the +z directions. The propagating incident powers for each mode are calculated as follows:
where p and n stand for the p th region and the n th modal coefficient, respectively, and 2x p indicates the width of the waveguide in Region p. The reflected and transmitted powers are obtained in the same manner as Eq. (8) in Region p, but both the reflected and transmitted powers are expressed as the summation of all the propagation modes, respectively, as follows: where i and j are the i th and j th modes in Region p, respectively, and N is the total number of propagation modes in Region p. A Rfl and A Tr are the reflected and transmitted modal coefficients, respectively. The power densities of the reflected and transmitted waves are plotted with respect to the incident modes in Fig. 6 . The power density of each incident mode is 1 W/m 2 for all 24 propagation modes, and the powers of both the reflected and transmitted waves are calculated with the summation of all modes in each region. As shown in Fig. 6(a) , the power density of each incident wave 1 W/m 2 at Junction 1 is almost equivalent to the summation of the reflected modes in Region 1 and transmitted modes in Region 2. The differences between incident and scattered (reflected and transmitted) waves are more or less than 1.0 × 10 −12 W/m 2 and, thus, the power conservation is almost satisfied. Fig. 6(b) shows the power conservations at Junction 3 between Regions 3 and 4 of Fig. 5(c) . Because two spaces separated in Region 4 have the same width and are symmetrical, the modes are considered identical in each space. The power conservations from Eq. (9) are also tested, and it is found that difference in power between the incident and scattered waves is less than 5 × 10 −13 W/m 2 . At Junctions 2 and 4, similarly, the power conservations are satisfied; the incident wave is almost transmitted into the next region and is hardly reflected due to the wider transmission region.
B. SCATTERED FIELD DISTRIBUTIONS IN THE CABINET
The scattered fields inside the cabinet are investigated to better understand the field propagation phenomena and verify the numerical results. In Fig. 7(a) , an arbitrary observation line (the red dashed line near the cabinet wall) is chosen to examine the scattered fields along the line. The incident plane wave is assumed to be TM 0 mode when n = 0 in Eq. (1) . Based on the formulations of the multiregion problem in Section II-E and the power conservations at all junctions discussed in Section III-A, the scattered field of the entire regions in the cabinet can be obtained. As shown in Fig. 7(b) , the captured H y -field fluctuates periodically with the intervals of the half wavelength at 5 GHz, and the pattern is almost the same as the field obtained by FEKO commercial software [11] . The two-dimensionally simplified model, periodic in x and y directions, is analyzed by FEKO. (When the periodic structure is set in the y direction, the structure can be uniform and infinite.) Fig. 8 shows the H y -field distributions inside the cabinet according to various modal incidences. Figs. 8(a) and (b) show the incident and reflected H y -field distributions when 1), respectively. In the same way, the H y -field distributions when n = 3 in Eq. (2) are shown in Fig. 8(c) , with higher incident modal order than in Figs. 8(a) and (b) ; hence, more fluctuations in the x-direction are found. The standing waves are commonly observed in the z-direction, and strong fields are found in front of the digital module. When arbitrary modes are incident, in a similar manner, scattered field patterns can be easily solved, and thus the insights of the field distributions as a function of incident modes can be obtained. In addition, the field distributions by modes can serve as reference data for studying electromagnetic scattering phenomena by oblique incident wave for future research.
The numerical results of the two-dimensional cabinet structure have been discussed above; however, the actual cabinet geometry in NPP has a finite dimension along y-axis as shown in Fig. 1(a) . As previously mentioned, since the height of the cabinet is assumed to be sufficiently long compared with the wavelength at 5 GHz, the cabinet model is simplified to a two-dimensional structure. In order to investigate the change in results due to the simplification of the structure, we also observe the scattering field of the three-dimensional model of the cabinet by varying the height h of the cabinet. Fig. 9(a) shows a three-dimensional cabinet geometry with the same dimensions of the x-and z-axes as those of Fig. 1(a) but with the additional consideration of the height h in the y-axis. The top and bottom conducting plates are added to the zx-plane. The observation line is depicted as the red dashed line at x = −352 mm and y = 0 mm; the scattered fields are captured on the line when TM 0 incident mode is applied. The captured fields on the line by the MMT and the FEKO with the infinite height are compared in Fig. 9(b) and are similar to each other. In Fig. 9(c)-(e) , the captured fields are also displayed, but in these cases the finite heights in the y-axis are considered as 4, 2, and 1 m, respectively. The results indicate that as the height of the cabinet increases, the fields between MMT and FEKO become more similar.
IV. CONCLUSION
We have investigated the scattering characteristics of an open NPP cabinet using the MMT. It was found that the incident power densities were almost equivalent to the summations of the reflected and transmitted power densities at all junctions, and the differences in power densities for all cases were less than 10 −11 [W/m 2 ]. By using the formulation of multiregion problem as well as the power conservations, field distributions for layered PPW structures of the cabinet were systematically resolved. The scattered H y -field fluctuations given by the MMT were in good agreement with the results given by the FEKO commercial software. Distinctive scattered field distributions were found inside the cabinet when the three different modes TM 0 , TM 2 , and TM 5 were incident. Based on this study, we can extensively investigate modal field distributions for multilayer cabinet structures in NPPs.
